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M9 minimal media at a starting OD 600 of 0.02, and grown at 37 °C. Upon reaching and OD 600 of 0.2-0.3, cells were then induced with 200 μg/L anhydrotetracycline. After induction, the cultures were cooled and subsequently grown for [16] [17] [18] [19] [20] hrs at 20 °C, to reduce C-terminal truncations of the lasso peptide tail. The following day, cells were harvested for peptide purification.
Purification of astexin-2 and astexin-3 variants
Harvested cell pellets were purified by methanol extraction. Each 1 L of cell culture was resuspended in 10 mL of methanol. Five glass beads were added to each 50 mL tube of cells and vortexed for 2-4 minutes. Lysed cells were centrifuged, and lysate was decanted into 50 mL falcon tubes. For astexin-3 variants (which contain methionine) reducing agent was added such that the methanol lysate had a final concentration of 5 mM dithiothreitol (DTT). Methanol extracts were then dried via rotary evaporation. Dried extract was then resuspended by adding 10 mL of ultrapure (UP) H 2 O for each 1 L of cell culture, and ran through a 1 g/6 mL Strata C8 column. The column was washed with 12 mL of water and eluted in 4.8 mL of methanol containing 5 mM DTT. The C8 column eluent was dried and resuspended in 50/50 vol% acetonitrile/water to 6000x concentrated relative to culture volume (thus 1 L of cell culture would yield 166 μL of concentrated extract). The extract concentrate was HPLC purified on a Zorbax SB-300 C18 Semi-prep HPLC Column, 9.4 mm by 250 mm, 5 μm (Agilent) using the following solvent gradient of acetonitrile (ACN) and water (both solvents containing 0.1% trifluoroacetic acid (TFA)) at 4 mL per minute:
10% ACN for 1 minute, increase to 50% ACN over 19 minutes, increase to 90% S5 ACN over 5 minutes, hold at 90% ACN for 5 minutes, decrease to 10% ACN over 2 minutes. The HPLC signal was recorded at 215 nm absorbance. Purified fractions were collected and lyophilized (Labconco Freezone 4.5 L, -105 °C). Samples were resuspended in UP H 2 O and concentrations were measured by NanoDrop spectrophotometer at 280 nm absorbance. Amino acid substitutions to astexin-3 decreased the peptide yield, while substitutions to astexin-2 had less of an effect, in agreement with our previous studies on astexin-2 and -3 mutagenesis. 1 The yields of peptides studied herein are as follows, wild-type 
Sulfo-Cy3-maleimide conjugation
Sulfo-Cy3-maleimide dye (Lumiprobe) was reacted in 10-fold molar excess relative to peptide with purified peptide at 40 μM in 100 mM pH 7 phosphate buffer at room temperature overnight. The conjugation reactions were analyzed by HPLC using the method and gradient described above except that an analytical column (Zorbax SB-300 C18 Analytical HPLC Column, 3 x 150 mm, 3.5 μm, Agilent) was used at a flow rate of 0.75 mL/min.
Heating lasso peptides
All heating experiments were performed in a BioRad DNA Engine Thermal
Cycler using the heated lid to minimize evaporation.
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Lasso unthreading controls (no fluorophore)
Lasso peptides were resuspended to 0.2 mg/mL in UP H 2 O. Samples were heated to 95 °C for 1 hr (in volumes between 30 μL-110 μL) followed by immediate cooling to RT or 4 °C.
Fluorophore conjugated lasso peptides
Fluorophore conjugated peptides were resuspended to 40 μM in either UP H 2 O, 100 mM pH 7 phosphate, or 1x PBS pH 7.4. Lasso peptides were heated at 95 °C for 1 hr (in volumes between 22 μL-72 μL), followed by immediate cooling to RT or 4 °C. It was noted that all of the buffer conditions yielded similar unthreading results. Reaction mixtures were directly analyzed by MALDI-MS (see below) and/or injected directly for subsequent HPLC analysis using the analytical column gradient and methods described above.
Carboxypeptidase assays
Fluorophore conjugated lasso peptides
Carboxypeptidase B (0.1 U) and carboxypeptidase Y (0.1 U) were added directly to sulfo-Cy3-maleimide reaction mixtures (17-40 μL of 40 μM peptide) in 100 mM pH 7 phosphate buffer. The reaction was incubated at 25 °C for [16] [17] [18] [19] [20] hrs. Reaction mixtures were spotted for MALDI-MS and injected directly for subsequent HPLC analysis.
MALDI-MS analysis
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All mass spectra were obtained using an ABSciex 4800 Plus MALDI TOF/TOF Analyzer (ABSciex). Samples were mixed with a matrix of 2.5 mg/mL alpha-cyano-4-hydroxycinnamic acid in 50/50 vol% acetonitrile/H 2 O with 0.1 vol% TFA. Reaction mixtures were diluted (typically 1, 10, or 100 fold) in matrix and spotted onto an Applied Biosystem 384 Opti-TOF 123 mm x 81 mm SS plate.
Mass spectra were obtained in 500-6000 m/z range at 5000 laser intensity in positive mode.
Simulation Methods
Astexin-3.
We performed all-atom molecular dynamics simulations of astexin-3 lasso peptide in water. Peptide coordinates were downloaded from the RCSB Protein Data Bank (www.rcsb.org/pdb/home/home.do; PDB ID 2M8F).
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The peptide carries a net charge of -3 at neutral pH due to a -1 charge on the Asp18 sidechain, a -1 charge on the Asp24 sidechain and a -1 charge on the Asp24 C-terminus. The Gly1 N-terminus forms an isopeptide bond with the Asp9 sidechain to form the lasso structure. We modeled the peptide using the CHARMM27 force field without CMAP corrections 4 that we augmented to incorporate the Gly1-Asp9 isopeptide bond by appealing to the partial charges and bonded parameters implemented for peptide bonds. The Y15F astexin-3 variant was constructed by computationally mutating Tyr15 into a Phe.
Simulations were performed using the GROMACS 4.6 simulation suite.
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Peptides were immersed in a 10×10×10 nm cubic box of SPC water molecules 6 S8 at a density of 0.994 g/cm 3 , and an appropriate number of Na + ions to maintain charge neutrality. Periodic boundary conditions were applied in all three dimensions. The size of the box was constructed to be sufficiently large so that employing a real space cutoff of 1 nm the peptide did not interact with its periodic images even in the fully unthreaded state. High energy overlaps in the initial configuration were eliminated by subjecting the system to steepest descent energy minimization to remove high-energy overlaps exceeding 1000 kJ/mol.nm and a short 5 ps NVT molecular dynamics run employing a velocity rescaling A large force constant of 30,000 kJ/mol.nm 2 was required to attain good sampling of the high free energy regions associated with the passage of sterically large residues through the ring. Calculations were performed using the simulation parameters detailed above, and conducted sequentially such that the terminal configuration of each window served as the initial configuration for the next. Each window was simulated for 1 ns, and it was verified that the restrained distance attained a steady value within the first 250 ps. In a small number of casestypically in the vicinity of the passage of a bulky residue through the ring -an additional 1 ns run was required to attain (constrained) equilibrium. The terminal 750 ps of each run recording data every 0.1 ps were saved for analysis. 16 implemented within the g_wham 17 tool within GROMACS 4.6. The free energy profile was solved self-consistently to within a tolerance of 10 -6 in the probability distribution, and uncertainties estimated by 100 rounds of bootstrap resampling.
Calculation of mean free passage time.
A coarse estimate of unthreading rates from the calculated potentials of mean force can be made by assuming the dynamics of the astexin-3 tail within the ring to be well-described by diffusive dynamics over the calculated 1D free energy landscapes presented in Figure 4 . Under these assumptions the position of the astexin-3 tail within the ring can be described by a 1D Smoluchowski equation describing the statistics of its diffusive motion in the presence of free energy wells,
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where is the distance between the center of mass of the ring and one or other of the steric locks (i.e., d Cα15-ring or d Cα16-ring ) depending on the passage of which residue is considered, is time, ( , ) is the probability distribution function, 
The reciprocal of the MFPT corresponds to the average escape rate for the system from 1 to 2 . 19 We apply this expression to estimate the MFPT for passage of residue 15 through the ring (tail pulling) by taking = Cα16-ring and ( Cα16-ring ) defined for wild-type astexin-3 and the Y15F variants by the landscapes in Figure 4 . We simplify the calculation by assuming ( ) = to be position independent, and estimate its value as = (7.9 ± 0.2)×10 -7 nm 2 /ps by conducting a 400 ps unbiased molecular dynamics simulation of the wild-type peptide and applying the 1D Einstein relation to the linear regime of the mean squared displacement. 20 We adopt Cα16-ring,1 as the location of the global minimum of the pertinent PMF ( Figure 4b ) and set Cα16-ring,2 = 0.75 nm to estimate the MFPT from the initial state in which residues 15 and 16 flank the ring to the final state in which residue 15 has passed through the ring. We further simplify the calculation by assuming that the global free energy minimum is a reflecting boundary and setting Cα16-ring,0 = Cα16-ring,1 . Since the tail of the peptide can slip in both directions this is a relatively poor assumption, but it does S12 allow us to compare the expected transition rates among the four astexin-3 variants assuming that the tail is constrained to move towards only larger values of Cα16-ring .
Ring-thread system. To estimate the free energy cost associated with the passage of each amino residue through the astexin-3 ring in isolation and free of the confounding effects associated with it particular location and local environment within the astexin-3 peptide chain, we constructed a two-peptide system comprising (i) the nine-residue Gly-Pro-Thr-Pro-Met-Val-Gly-Leu-Asp "ring" from astexin-3, and (ii) the seven-residue peptide Ala-Ala-Ala-X-Ala-AlaAla "thread" in which X was exchanged for each of the 20 natural amino acids in its natural protonation state at pH 7. We specified the Asp9 in the ring to be charge neutral to better mimic its uncharged state within the astexin-3 peptide, and also specified the N-and C-termini of the thread to be neutrally charged to eliminate any strong electrostatic interactions arising in the zwitterionic form. The ring was constructed by excising it from the pdb file downloaded from the RCSB Protein Data Bank (www.rcsb.org/pdb/home/home.do; PDB ID 2M8F) 2, 3 and appropriately modifying its termini and protonation state. Each of the 20 threads were constructed using the using the Bax Group PDB Utility Server (http://spin.niddk.nih.gov/bax/nmrserver/pdbutil). Both peptides were modeled using the CHARMM27 force field without CMAP correction.
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The ring and thread were placed in a 6×6×6 nm cubic box with periodic boundary conditions, and solvated by SPC water molecules 6 to a density of ~0.99 g/cm 3 . An appropriate number of Na + or Cl -ions were added to neutralize S13 any net charge carried by the X residue. Simulations were performed using the GROMACS 4.6 simulation suite 5 employing identical simulation parameters to those described above. The system was relaxed by steepest descent energy minimization to remove any high-energy overlaps exceeding 1000 kJ/mol.nm followed by a short 10 ps NPT simulation. The AAAXAAA thread was straightened out by performing a 10 ps NPT simulation in which a harmonic restraining potential with force constant 25,000 kJ/mol.nm 2 and to the centers of mass of the Ala1 and Ala7 residues with an equilibrium distance increasing by 0.2 nm/ps from their initial separation. The straightening force was then released and a 30 ps NPT simulation with a 10,000 kJ/mol.nm 2 harmonic restraining potential between the center or mass of Ala1 and center of mass of the ring was conducted to dock the thread into the ring. A subsequent 5 ps NPT simulation was conducted shifting the harmonic potential from Ala1 to Ala2 to pull the thread into the ring such that the Ala2 center of mass was coincident with the plane of the ring. The simulation box was sufficiently large that the docked ring-thread system did not interact with its own periodic images.
Umbrella sampling 14 simulations were conducted to pull the thread through the ring and compute the free energy barrier for passage of the X residue. Harmonic umbrella potentials with a force constant of 10,000 kJ/mol.nm 2 were applied between the Ala1 center of mass and center of mass of the ring at separations of 0.50 nm to 1.50 nm in increments of 0.05 nm, for a total of 22 umbrella windows. Calculations were performed sequentially using the simulation parameters detailed above such that the terminal configuration of each window S14 served as the initial configuration for the next. Each window was simulated for 1 ns, and it was verified that the restrained distance attained a steady value on this time scale within each window. The terminal 750 ps of each run recording data every 0.1 ps were saved for analysis.
The 1D free energy profile (potential of mean force) in the Ala1-ring distance was computed by solving the WHAM equations as described above.
15-17
A 2D free energy profile in the Ala1-ring and Cα4-ring distances was constructed by recording the latter over the course of the biased simulations and performing reweighting using in-house MATLAB 21 codes implementing our previous approach. 22 By projecting into these two distances we eliminate representation difficulties associated with projection into the Cα4-ring distance alone, since the latter is a non-unique order parameter that passes from positive values to zero then back to positive as the X residue moves through the ring. We estimate the free energy barrier for passage of the X residue as the height of the free energy landscape -relative to its global minimum at the initial docked configuration of the thread within the ring with the Ala2 center of mass coincident with the plane of the ring -at the point at which we observe complete passage of the X residue through ring. We identified this point as the appearance of a plateau in the free energy profile, which was verified by direct visualization of the umbrella simulation trajectories in VMD. 23 We present the free energy profiles for the AAAWAAA system in Figure S15 to illustrate this calculation. We report the calculated ∆ X thread values for all 20 natural amino acids in Figure 8b . Table S3 . [24] [25] [26] [27] [28] [29] [30] [31] [32] The particular values of each descriptor for each amino acid are reported in 
, where indexes over the particular descriptors included in the model, is the order of the model, is the best fit regression coefficient associated with Z-scored descriptor , X is the Z-scored value of descriptor associated with residue X, and 0 is an additive constant. In constructing such relationships we implicitly assume a linear underlying model, homoscedastic and independent errors, and no collinearity in the descriptors.
The best n-variable model was selected for each model order n = 1…17
was identified as that possessing the smallest RMSE. We also performed leaveone-out cross validation (LOO-CV, a.k.a. jackknife) to identify the model with the smallest LOO-CV RMSE at each model order to control overfitting and inform an appropriate model order -an therefore number of variables to include in the multivariable linear regression model -best supported by the data. We present in Figure S12 the smallest RMSE and LOO-CV RMSE models at each model order, and in Table S5 the regression coefficients for the best (i.e., smallest RMSE) models. Table S5 . Linear least squares best fit regression coefficients for multivariable linear regression models of the form
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, where indexes over the descriptors in the model, is the order of the model, is the best fit regression coefficient associated with Z-scored descriptor , X is the Z-scored value of descriptor associated with residue X, and 0 is an additive constant. The physicochemical variables corresponding to each descriptor index are listed in Table S3 . Descriptors #3, #5, and #9 do not feature as these were eliminated during the cleaning procedure as redundant descriptors possessing a Spearman correlation coefficient ρ Spearman ≥ 0.95 with another descriptor in the ensemble. The peak at m/z = 2697.63 arises from hydrolysis of the maleimide followed by further hydrolysis that removes the Cy3 moiety (see Figure S8 ). These MALDI spectra were collected in positive mode, suggesting that the double hydrolysis product is minor (see Figure S7 ). Bottom: HPLC traces of astexin-3 loop cysteine Cy3 conjugate after heating at the same two detector wavelengths. The trace at 215 nm shows only one major product, which is an astexin-3 Cy3 conjugate as evidenced by the presence of the same peak in the 548 nm trace. This implies that the double hydrolysis product is a minor species despite its prevalence in the mass spectrum. We present the RMSE between the free energy barrier height measured in molecular dynamics simulation, ∆ X thread (simulation), and that predicted from the MLR model ∆ X thread (regression) fitted over all 20 X residues (blue solid curve), where = 1/ and is Boltzmann's constant and = 298 K. We also plot the leave-one-out cross validation root mean squared error (LOO-CV RMSE) computed as the average error in a MLR model fitted over the measured free energy barriers for 19 of the 20 X residues and used to predict the barrier for the residue left out of the fit averaged over all 20 left out residues (red dashed line). The horizontal black dashed line indicates the estimated uncertainty in the measured values of ∆ X thread computed from simulations of ±8.3 calculated from the standard deviation in the calculated barriers for five independent umbrella sampling simulations for the AAAFAAA system. as the difference in the potential of mean force curve between the initial docked configuration of the thread within the ring with d Ala2-ring = 0 and the beginning of the plateau region that is coincident with point at which the W residue exits the ring. The arbitrary zero of free energy was specified to coincide with the global minimum of the potential of mean force curve. Free energy barriers for the other 19 natural amino acids were computed in an analogous manner. Uncertainties in the free energy barriers were quantified by performing five independent runs of the AAAFAAA system from which we estimated an uncertainty in the measured barrier of ±8. 3 .
